Respiratory virus infections (RVIs) pose a threat to children undergoing hematopoietic stem cell transplantation (HSCT). In this era of sensitive molecular diagnostics, the incidence and outcome of HSCT recipients who are hospitalized with RVI (H-RVI) are not well described.
Viral pathogens are the most common source of pediatric respiratory illness [1] . Although respiratory viral infections (RVIs) in the general pediatric population are often mild, they have the potential to result in significant morbidity and death in children with a compromised immune system. Pediatric hematopoietic stem cell transplantation (HSCT) recipients are at particular risk for poor outcomes from RVI given their extent and duration of immunosuppression.
Although the effects of RVI on HSCT recipients have been reviewed [2] , data specific to pediatric HSCT recipients have been limited to those from small single-center studies with a relatively short follow-up time [3] [4] [5] . The availability of molecular diagnostics to identify RVI in HSCT recipients in many pediatric centers represents an important opportunity to define the contemporary epidemiology and outcomes of RVIs in pediatric HSCT recipients. We conducted a multicenter retrospective study to define the incidence and outcomes of hospitalization with RVI (H-RVI) in a large pediatric cohort in the first year after their HSCT. Our results can inform clinicians of the risk of H-RVI in this high-risk population and assist with the design and conduct of future prospective studies to compare the effectiveness of current and newly available antiviral therapies and prevention strategies.
METHODS

Study Design and Cohort
In this multicenter retrospective observational cohort study, we evaluated pediatric HSCT recipients from 9 US pediatric academic institutions between January 1, 2010, and June 30, 2013 ( Table 1 ). The study protocol was approved by the institutional review board at each institution. The cohort was inclusive of patients who underwent an allogeneic or autologous HSCT for any indication. The cohort was limited to children ≤18 years of age at the time of HSCT. Each HSCT recipient was followed from the day of transplant until 365 days after receipt of the transplant, death, or loss to follow-up.
Outcome
The primary outcome was the occurrence of an H-RVI associated with an inpatient admission within 365 days after the HSCT. The definition of an H-RVI required (1) a positive result for a respiratory viral pathogen from a respiratory specimen (obtained via nasal swab, wash, or aspirate, nasopharyngeal swab, sputum, tracheal aspirate, deep bronchial wash, or a bronchoalveolar wash) and (2) documentation of clinical signs and symptoms of a respiratory illness, including cough, rhinorrhea, and/or increased work of breathing within 72 hours of the positive respiratory viral test. We included the respiratory pathogens human metapneumovirus (hMPV), influenza, parainfluenza (PIV), respiratory syncytial virus (RSV), rhinovirus/enterovirus (RhV), and coronavirus. Because the study was focused on viral pathogens specific to the respiratory tract, adenovirus was excluded purposely because the clinical spectrum of adenovirus disease in HSCT recipients is broad.
Diagnostic tests used at each center during the study period are listed in Table 1 . Each pathogen was recorded if more than 1 virus was detected for a given H-RVI episode. If a patient had more than 1 H-RVI event involving the same pathogen, then only the first episode was included, unless the subsequent episode occurred ≥30 days after the first one and if there was at least 1 negative test for that virus in the interim. In patients who met H-RVI criteria, the date of H-RVI onset was the day that the respiratory viral test was ordered. Patients with a documented H-RVI were followed for 3 months from onset to assess their subsequent need for respiratory support and the occurrence of pulmonary complications and to identify deaths. Respiratory support was defined as the need for supplemental oxygen, bilevel or continuous airway pressure, conventional mechanical ventilation, high-frequency oscillation ventilation, or extracorporeal membrane oxygenation (ECMO). Pulmonary complications were identified and classified as the need for tracheostomy or the diagnosis of subacute or chronic pulmonary sequelae, bronchiolitis obliterans, or another pulmonary complication not specified.
Any death that occurred within 3 months of the H-RVI onset was assessed for attribution. Death was attributed to a viral pathogen if the signs and symptoms of the H-RVI did not improve before death and if the signs and symptoms were considered to be potentially contributory to death. Attribution (likely, possible, or not likely) assessment was performed by a central review committee that reviewed a deidentified summary of the circumstances surrounding each patient's death.
Data Collection
Investigators and trained research assistants at each site retrospectively abstracted from electronic medical records data elements identified a priori, including demographic, pretransplant, transplant, and peri-RVI variables, directly into a central REDCap electronic database hosted at Duke University [6] .
Statistical Analysis
The primary aim of this study was to determine the incidence of H-RVI events in a cohort of pediatric HSCT recipients. Only RVI events that resulted in an inpatient admission or were diagnosed during an inpatient admission were included. The incidence of H-RVI in this cohort of HSCT recipients was determined considering all included RVI pathogens (hMPV, influenza, PIV, RSV, RhV, and coronavirus). Univariate logistic regression analyses were performed to assess the association of various baseline factors at the time of transplant with the subsequent development of an H-RVI. The secondary aims of this study were to determine the frequency of pulmonary complications and all-cause and attributable 3-month case-fatality rates after H-RVI onset. Case-fatality rates were calculated as the proportion of patients with an H-RVI who died within 3 months of RVI onset.
Last, multivariate analyses were performed in the subset of patients with at least 1 H-RVI to identify risk factors present at the time of their first H-RVI that were associated with the subsequent need for respiratory support, pulmonary complications, or death in the 3 months after the RVI-onset period. The following factors were evaluated because they were hypothesized a priori to potentially be associated with the outcomes of interest: age, race, need for respiratory support at the time of H-RVI diagnosis, previous history of chronic lung disease, receipt of T-cell-depleted HSCT, receipt of recent immunosuppression therapy (captured as steroid and non-steroid-containing therapy), and receipt of immunoglobulin G in the 2 weeks before occurrence of the RVI. Each of these variables was assessed in univariate logistic regression analyses. Each multivariate logistic regression model included age, race, and those factors found to be associated with the outcome of interest in the univariate analysis (P < .10). Statistical calculations were performed using Stata 13.0 (Stata Corp., College Station, TX).
RESULTS
During the 3-year study period at the 9 participating institutions, 1560 HSCT recipients <18 years of age were identified. The number of patients from each center ranged from 22 to 289 (Table 1) . Data were available for most patients for the entire 365-day study period (78%) or until death (16.2%). A minority of the patients (5.8%) were lost to follow-up before complete 365-day capture. Within 1 year of the transplant, 259 (16.6%) patients were diagnosed with 307 RVIs managed in an inpatient setting. The incidence rate of at least 1 H-RVI was similar between allogeneic and autologous HSCT recipients (17.4 vs 14.2%, respectively; P = .13). Table 2 lists the baseline characteristics of the entire cohort and those of patients with and those without a diagnosis of H-RVI within 1 year of their transplant. In univariate analyses, younger age was associated with an increased risk for H-RVI (4.8 vs 7.1 years, respectively; P < .001). Neither donor type nor T-cell-depletion status was associated with increased risk for an H-RVI after transplant.
Types of RVI and Characteristics at Onset of RVI
The median time from HSCT to first H-RVI onset was 55 days (interquartile range, 10.5-149.5 days). RhV was the most common virus, followed by PIV and RSV (Table 3) . Coronavirus was detected infrequently, but it should be noted that diagnostic testing for coronavirus was not available at all institutions during the study period (Table 1) .
Clinical signs at presentation were limited to the upper respiratory tract in the majority (72%) of patients; however, we were significantly more likely to find evidence of lower respiratory tract involvement at presentation in children with HMPV than in those with any other pathogen (59% vs 27%, respectively; P = .01). Fever within 48 hours of illness onset was not common except with influenza-and HMPV-associated events. The presence of chronic lung disease, need for mechanical respiratory support, treatment in an intensive care unit, and renal replacement therapy before illness onset were all relatively rare.
A significant proportion (36%) of the patients had received 2 or more immunosuppressive agents for graft-versus-host disease (GVHD) therapy in the week before H-RVI onset. Specifically, steroid exposure was present in 44% of the children in the week leading up to an H-RVI. Neutropenia (absolute neutrophil count, <500 cells per mL) (41%) and lymphopenia (absolute lymphocyte count [ALC], <200 cells per mL) (53%) were commonly present in the week before H-RVI onset.
Outcomes of H-RVIs
The effects of an H-RVI in the 3-month period after onset of illness were assessed (Table 4) . Among all first H-RVI events, some type of respiratory support was required by 48% of the children. This support was limited to supplemental oxygen in 28% of the patients, 
. but 15% of the patients who experienced an H-RVI required conventional mechanical ventilation, high-frequency oscillation ventilation, or ECMO. The post-H-RVI course was complicated by significant pulmonary sequelae in 14% of the patients, including both subacute and chronic processes. Among the subset of allogeneic HSCT recipients with an H-RVI, 28% were found to have new-onset GVHD within 3 months of H-RVI onset. Thirty deaths occurred within 3 months of an H-RVI onset. Of these 30, 28 occurred after the first RVI event, which resulted in an all-cause case-fatality rate of 11%. The all-cause casefatality rates ranged from 0% to 24% depending on the viral pathogen, and the highest rate was for patients with HMPV (24%). Of the 28 deaths after a first H-RVI event, 3 (11%), 11 (39%), and 14 (50%) were deemed likely, possibly, and not likely attributable to the RVI, respectively, which yields an attributable case-fatality rate of 5.4%. Supplementary Table 1 provides timing of the deaths after first H-RVI onset and the day of transplant. We found 11 (39%) deaths in the first 30 days after H-RVI, 12 (43%) deaths in days 31 to 60 after H-RVI, and the remaining 5 (18%) deaths occurred between days 61 and 90 after RVI onset.
Multivariable logistic regression models were established to determine the association of various factors present at H-RVI onset with subsequent need for respiratory support, pulmonary complications, and the all-cause case-fatality rate (Table 5) . 
DISCUSSION
To our knowledge, this is the largest multicenter retrospective cohort study to date of H-RVI in pediatric HSCT recipients. Our results indicate that 16.6% of HSCT recipients suffered at least 1 H-RVI event within 1 year of their transplant that was associated with an inpatient admission. The most common viral pathogen detected was RhV, followed by PIV and RSV. The majority (72%) of the children presented with upper respiratory tract signs or symptoms, with the notable exception of those infected with HMPV. The all-cause and attributable 3-month case-fatality rates for the 259 incident H-RVI events were 11% and 5.4%, respectively. Steroid exposure in the week before H-RVI onset was associated with subsequent pulmonary complications, whereas respiratory support at H-RVI onset was associated with both pulmonary complications and death within 3 months.
Limited contemporary data that define the impact of RVI on pediatric HSCT recipients exist. Luján-Zilbermann et al. [3] assembled a retrospective single-center US cohort of 281 pediatric HSCT recipients between 2000 and 2012 and reported an RVI incidence rate within 1 year of transplant of 11%. In another single-center cohort of 176 pediatric HSCT recipients in Korea, the RVI incidence within 28 days of HSCT was 5.1%, whereas in a larger single-center cohort from Canada, the RVI incidence within 100 days of transplant was noted to be 6.4% [4, 5] . The RVI rates from these single-center studies are lower than the 16.6% incidence of H-RVI in our cohort; however, 2 of the studies documented their rates within 1 to 3 months after the transplant, which makes it difficult to compare the rates accurately. In addition, the criteria for respiratory testing, specific respiratory pathogens considered, and reliance on less sensitive nonmolecular diagnostic testing likely contributed to the different RVI rates in the previous reports.
Given our study's large sample size and the fact that our definition of RVI required inpatient admission, clinical signs or symptoms, and a polymerase chain reaction (PCR)-positive respiratory specimen, the 16% H-RVI incidence rate represents a reasonable estimate of the contemporary burden of RVI associated with inpatient admissions in pediatric HSCT recipients. Nonetheless, this estimate of H-RVI incidence might underestimate the actual incidence. The etiology for this underestimation is multifactorial, including variation in PCR diagnostics according to site (eg, not all sites tested for each virus [eg, coronavirus] during the study period) and variation in the threshold for performing viral diagnostic testing on patients who presented with a symptomatic respiratory illness. In addition, some patients (4) 4 (10) 4 (2) Other pulmonary complications 20 (8) 1 (17) 3 (18) 1 (3) 5 (9) 3 (8) 10 (6) All-cause case fatality might have been evaluated for an RVI in an outpatient setting or at a site remote from the transplant center. The median time from HSCT to H-RVI onset was 55 days for all RVI events, and some variation among viral pathogens was noted. The median times to onset of coronavirus, RhV, PIV, and RSV were shorter than the times to onset of influenza and HMPV. This longer duration between transplant day and H-RVI onset might be biased by a preference to perform transplants on children during the summer, when possible; thus, pathogens that have viral seasons that start in the summer or fall (eg, PIV or RSV) would seem to have shorter median times to onset than viruses with a seasonal onset later in the winter (eg, influenza, hMPV). We did not document the month of the transplant because of institutional review board constraints, so we cannot confirm this supposition. In addition, although a majority of H-RVI events in our cohort presented in the first 100 days after HSCT, 25% of these infections occurred after 150 days. Therefore, clinicians should be aware that the risk of a significant H-RVI event persists well beyond the first 100 days after transplant.
In the 3-month period after H-RVI onset, afflicted patients frequently required respiratory support; 48% needed supplemental oxygen, bilevel or continuous airway pressure, mechanical ventilation, or ECMO. Pulmonary complications during the 3-month follow-up period were noted in 13% of the children, and 11% of the patients died within 3 months of H-RVI onset. Furthermore, 28% of allogeneic HSCT recipients developed new-onset GVHD within 3 months of their H-RVI. This rate of GVHD is similar to the 10% to 30% rate reported in general for pediatric allogeneic HSCT recipients [7] . Although only 50% of the fatal incident H-RVI events were likely or possibly the result of the RVI, it is possible that the RVI contributed indirectly to the remaining deaths. These findings are consistent with those from previous smaller cohorts in which RVIs were associated with a 15% allcause case fatality, of which 33% were attributed to the RVI [8] .
With multivariate modeling, we aimed to identify factors known at the time of H-RVI onset that might independently portend a poor outcome. Patients exposed to steroids in the 7 days before H-RVI onset were 3 times more likely to experience pulmonary complications and more than 2 times more likely to die in the 3-month follow-up period, although the latter result did not reach statistical significance. This association with steroid exposure was linked previously to poor outcomes in adult patients with HMPV, RSV, or PIV [9] [10] [11] and pediatric patients with PIV [12] . It is interesting that recent exposure to nonsteroid immunosuppressive therapies was not associated with worse outcomes in any of the 3 multivariate models. This measure was inclusive of a heterogeneous group of agents administered for GVHD prophylaxis or treatment. Grouping these agents into a single variable might have limited our ability to detect associations with specific immunosuppressive agents.
Previous studies have associated lymphopenia at RVI onset to progression to lower respiratory tract disease or death in adults and children with RSV, influenza, and PIV [10, [12] [13] [14] . Although more than 50% of the children in this cohort were lymphopenic (ALC, <200 cells per mL) at H-RVI onset, the ALC was not available for 20% of the H-RVI events and thus could not be assessed as a risk factor for poor outcome. Data on T-cell-depletion status were available and considered in each model; however, T cell depletion of the stem cell product was not associated with subsequent need for respiratory support, pulmonary complications, or death within 3 months of H-RVI onset.
It is interesting that H-RVI onset within the first 60 days after HSCT was associated with a 2-fold increased need for respiratory support in the subsequent 3 months, but early RVI onset was not associated with pulmonary complications or death. The need for respiratory support at the onset of H-RVI was associated with an increased risk for subsequent pulmonary complications and death. Similar results in adult HSCT recipients with RSV were reported [15] . Although neither the timing of H-RVI onset relative to the HSCT nor the need for respiratory support before H-RVI onset is a modifiable factor, knowledge of these associations can inform patient-specific prognosis discussions.
Beyond the limitations already mentioned, additional limitations of this study are worth noting. First, in the multivariable model, the viral pathogens were considered equally in terms of their potential to contribute to morbidity and death in the 3-month period after RVI onset. In particular, rhinovirus was the most common pathogen, and the ability to diagnose acute RhV disease can be challenging because of the potential for prolonged RhV viral detection in these hosts [16] . It is notable that pulmonary complications related to RhV infection, including the need for oxygen support, pressure support, or mechanical ventilation, seemed to occur at rates similar to those found after respiratory infections caused by RSV, PIV, or HMPV. Future analyses should focus on models specific to each pathogen; however, such subanalyses would be limited by few events. Second, we did not collect detailed data on patients in the HSCT cohort without an RVI but instead chose to focus on the subset of patients who were diagnosed with an RVI. Therefore, our multivariate analyses were focused on assessing factors that contributed to poor outcomes only among patients with RVI. We were unable to assess factors such as GVHD therapy or monthly intravenous immunoglobulin administration, which might increase or reduce the risk of sustaining an RVI in the post-HSCT period. Third, data regarding utilization of specific antiviral therapies, such as neuraminidase inhibitors, DAS181 (an investigational sialidase fusion protein), ribavirin, and intravenous immunoglobulin, were collected. However, because of the small number of patients who received therapy for a specific virus, it was not possible to assess the comparative effectiveness of these agents. Last, the study definition for H-RVI required the presence of respiratory symptoms. This requirement would result in the lack of detection of an RVI event that presented with nonspecific symptoms such as fever and thus further the potential for underestimating RVI in this patient population.
In conclusion, the results of this large multicenter cohort suggest that the burden of RVI among pediatric HSCT recipients is relatively high and results in significant morbidity and death. Identification of independent risk factors such as recent steroid exposure, RVI onset within 60 days of HSCT, and respiratory status at RVI onset provides an opportunity to inform prognostic discussions with other clinicians and with patients and their family. Furthermore, the epidemiology of each respiratory viral pathogen provides baseline information to inform the feasibility of future therapeutic clinical trials and highlights the need for more effective preventive interventions in this vulnerable population.
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